The complex maturation of the chloroplast psaA mRNA in Chlamydomonas reinhardtii requires the splicing of three separate exons in trans. At least 14 nuclear gene products and a small chloroplast RNA (tscA) seem to be involved in psaA trans-splicing. To further elucidate the mechanisms that regulate trans-splicing in C. reinhardtii, we have analyzed four different nuclear mutants; two affected in trans-splicing of the psaA exons 1 and 2 (class C) and two blocked in both psaA trans-splicing steps (class B). While mutants M18 (class C) and L118 (class B) have a mature chloroplast tscA RNA, no such transcripts could be detected in mutants TR72 (class C) and HN31 (class B). Northern hybridizations indicate that the absence of mature tscA transcripts in HN31 and TR72 results from a defect in the processing of a tscA/chlN precursor transcript. Since the tscA locus has been shown to mediate psaA exon 1 and 2 trans-splicing, the nucleus-encoded factor affected in the class C mutant TR72 may be required for tscA 3Ј end maturation and only indirectly for psaA exon 1 and 2 trans-splicing. Moreover, further genetic analysis revealed that the nuclear HN31 locus is involved in both maturation of the tscA/chlN precursor and transsplicing of the psaA exons 2 and 3.
Introduction
Group II introns have been found in fungal mitochondrial genes, in organellar genes from algae and higher plants, as well as in eubacterial genes (reviewed by Michel and Ferat, 1995; Mullany et al., 1996; Shearman et al., 1996) . Their most characteristic common feature is a conserved secondary structure represented as a central core with six radiating helical domains. In contrast to this structural conservation, group II introns contain only a few generally conserved nucleotides most of them located at the intron boundaries. Splicing of group II introns, as determined by in vitro studies, depends on secondary and tertiary interactions and occurs via a two step transesterification pathway initiated by the formation of an intron lariat.
Mechanistic similarities between group II and nuclear pre-mRNA splicing suggest that spliceosomal introns have evolved from fragmented group II intron progenitors (Sharp, 1991) . Such disrupted group II introns have been identified in algal and higher plant chloroplast genes (psaA and rps12, respectively), as well as in the nad1, 2 and 5 genes of plant mitochondria (Knoop and Brennicke, 1993; Sugiura, 1992) . Maturation of their adjacent exons is performed by trans-splicing, which is believed to involve intermolecular base pairing between the separately transcribed precursor RNAs.
In the green alga Chlamydomonas reinhardtii, the chloroplast psaA gene is fragmented into three independently transcribed exons which are flanked by consensus sequences of group II introns (Kü ck et al., 1987) . Two trans-splicing steps, starting either with exons 1 and 2, or with exons 2 and 3, are necessary to generate a mature psaA mRNA (Choquet et al., 1988) . In addition, trans-splicing of psaA exons 1 and 2 requires a small chloroplast-encoded RNA (tscA) that has been postulated to interact with the two precursor transcripts, thereby providing domains I to IV of the group II intron structure (Goldschmidt-Clermont et al., 1991; Roitgrund and Mets, 1990) . Due to the incomplete structure of domain I in such a tripartite intron, the involvement of yet another transacting RNA has been considered (Turmel et al., 1995) . A similar tripartite intron has recently been found in the mitochondrial nad5 gene of the evening primrose Oenothera berteriana (Knoop et al., 1997) .
Although intermolecular splicing has been observed in vitro in the self-splicing reaction of an artificially disrupted group II intron (Jarrell et al., 1988) , genetic evidence indicates that trans-splicing in vivo depends on several, mostly nucleus-encoded, factors. For instance, trans-splicing of pre-mRNAs from the chloroplast rps12 gene is significantly reduced in nuclear mutants of barley and maize (Hü bschmann et al., 1996; Jenkins et al., 1997) . The formation of psaA mRNA in C. reinhardtii requires, in addition to the choroplast tscA function, the activity of at least 14 nuclear gene products (Goldschmidt-Clermont et al., 1990) . These factors appear to be involved in different steps of trans-splicing, since nuclear mutants defective in psaA mRNA maturation can be grouped into three classes (A, B, or C) which accumulate class-specific precursor transcripts. Mutants in class A fail to trans-splice exons 2 and 3, whereas in class C mutants splicing of these exons proceeds normally, although exon 1 and 2 splicing is affected. Mutants in class B are blocked in both transsplicing steps (Choquet et al., 1988; Goldschmidt-Clermont et al., 1990) . The molecular mechanisms underlying these processes are as yet poorly understood, but considering the large number of trans-splicing mutants it can be assumed that the gene products mediate splicing either directly by interacting with their target introns or indirectly by controlling the activity of other factors that are in turn directly involved in intron excision. To further elucidate the role of nucleus-encoded factors in psaA trans-splicing, we have analyzed trans-splicing mutants of class C and B. Our data suggest that the tscA-dependent trans-splicing of psaA exons 1 and 2 is under the indirect control of a factor which is involved in tscA 3Ј end maturation. Moreover, we provide genetic evidence for the existence of a nucleusencoded factor being involved in both tscA 3Ј end processing and tscA-independent trans-splicing of psaA exons 2 and 3.
Results and discussion
Mutants defective in identical trans-splicing steps exhibit differences in tscA RNA maturation Several nuclear mutants lacking PSI have been isolated and characterized previously (Girard et al., 1980; GirardBascou, 1987) . Strikingly, one-fourth of these mutants are affected in psaA-trans-splicing (Choquet et al., 1988; Goldschmidt-Clermont et al., 1990) . In order to characterize the role of these nucleus-encoded factors and to determine whether they are involved in trans-splicing either directly or indirectly, we examined four different splicing-deficient mutants (HN31, L118, M18 and TR72) in further detail. The previously characterized strains, HN31 and L118, have been classified as non-allelic class B mutants (GoldschmidtClermont et al., 1990) , whereas M18 belongs to class C (Herrin and Schmidt, 1988) . In addition, we generated the PSI-deficient strain TR72, by insertional mutagenesis (D. Hahn and A. Hackert, unpublished results). In this mutant, no mature psaA mRNA is detectable. Instead, precursor transcripts similar to those found in M18 accumulate in TR72 indicating a class C phenotype, i.e. a deficiency in the splicing of exons 1 and 2 (Figure 1a, lanes 3, 8, 13) . Since this splicing step has been shown to be dependent on the chloroplast tscA locus (Goldschmidt-Clermont et al., 1991), we analyzed all four mutants by Northern blot hybridization using a tscA-specific probe. While wild-type levels of mature 0.45 kb tscA RNA are detectable in mutants M18 and L118 ( Figure 1b, lanes 2, 4, 5 ), no such tscA transcripts accumulate in TR72 or the class B mutant HN31. Instead, larger transcripts of 1.7 kb, 2.8 kb and 5.3 kb preferably accumulate in these mutants (Figure 1b, lanes  1 and 3) . This suggests that TR72 and HN31 are defective in the maturation of a putative tscA precursor RNA. To further confirm this, similar blots were prepared and hybridized with a probe specific for the chlN gene that is located 425 bp downstream of the tscA gene and is required for light-independent chlorophyll synthesis (Choquet et al., 1992; Roitgrund and Mets, 1990) . Because identical signal patterns were obtained with either tscA or chlN specific probes, we conclude that mutants HN31 and TR72 are defective in the maturation of a tscA/chlN precursor transcript. Furthermore, the presence of at least three different precursor RNAs indicate a complex maturation pattern of the tscA and chlN transcripts. The tscA RNA 3Ј end processing defect cannot be regarded as a secondary effect resulting from the inability to trans-splice psaA transcripts, because mutants M18 and L118 exhibiting the same psaA trans-splicing phenotypes both accumulate the wild-type 0.45 kb tscA mRNA. Rather, the processing defect probably accounts for the failure to trans-splice psaA exons 1 and 2 since the 0.45 kb tscA RNA is most probably required for the correct assembly of the first trans-splicing psaA intron (Goldschmidt-Clermont et al., 1991) . According to the secondary structure model proposed by these authors, nucleotide interactions between the 3Ј end of the tscA RNA and the 5Ј part of the psaA exon 2 constitute domain IV of the group II intron structure. Due to the lack of correctly processed tscA 3Ј ends, the formation of these secondary and tertiary interactions might be impaired in TR72 and HN31, preventing trans-splicing of the psaA exons 1 and 2. Additional support for the functional importance of the tscA 3Ј end in psaA exon 1-exon 2 trans-splicing comes from the finding that the tscA terminal regions are strictly conserved among different Chlamydomonas species carrying composite psaA introns (Turmel et al., 1995) . Moreover, the existence of a nuclear mutant defective in tscA processing and psaA exon 1-exon 2-trans-splicing has recently been mentioned by Rochaix (1996) . Hence, the nucleus-encoded factor missing in the class C mutant TR72 is likely to be required for maturation of the tscA 3Ј terminus and only indirectly for psaA trans-splicing (Figure 3) . The class B phenotype of mutant HN31, however, cannot be explained easily by a tscA maturation deficiency since psaA trans-splicing of exons 2 and 3, which is additionally blocked in HN31, does not depend on the tscA locus (Goldschmidt-Clermont et al., 1991) .
The similar tscA processing phenotypes of TR72 and HN31 raise the possibility that both mutations affect the same gene. In order to answer this question, a complementation test was performed (Harris, 1989) . TR72 and HN31 were crossed and, subsequently, the mating mixture was planted directly on HS medium selecting for photoautotrophic growth. After 14 days colonies of vegetative Figure 1 . RNA gel blot analyses of wild-type and mutant strains. Aliquots (25 µg) of total RNA isolated from the wild-type (wt) and four mutant strains (M18, TR72, L118, HN31) were fractionated on formaldehyde/agarose gels, transferred to nylon membranes and hybridized with psaA exon-specific radiolabeled oligonucleotides (a) or with a tscA-specific probe (b) as described previously (Herdenberger et al., 1994; Kü ck et al., 1987) . In order to quantify the amounts of RNA applied, filter (b) was stripped and reprobed with a radiolabeled psbD gene fragment. The type of trans-splicing mutant is indicated by capital letters (B, C). Hybridizing bands are identified by the following symbols according to Choquet et al. (1988) . b mature psaA mRNA (2.7 kb); j psaA-exon 1 transcript (0.4kb); * psaA-exon 2 precursor (7 kb); r psbD-psaA-exon 2 transcript (3.6 kb); d psbD-psaA-exon 2-exon 3 splicing intermediate (3.8 kb); s psaA-exon 3 transcript (2.4 kb). TscA transcript sizes are indicated in the right margin. diploids became visible indicating that the mutants complemented each other. Thus, it is likely that TR72 and HN31 are non-allelic, although we cannot exclude the possibility of intracistronic complementation.
A single nuclear locus is required for psaA trans-splicing and tscA processing Our data suggest that HN31 might represent a double mutant that carries a class A or B mutation affecting psaA trans-splicing, and a second one which leads to deficient tscA RNA maturation. To test this possibility, we crossed HN31 (mt ϩ) with the wild-type strain 137c (mt-). Subsequent analysis of 14 obtained tetrads revealed, in all cases, a 2:2 segregation of photosynthetic activity and photosynthetic deficiency, respectively (data not shown). This strongly suggests a co-segregation of both the transsplicing and the RNA maturation functions. For further confirmation, we analyzed the progeny with regard to both processes by RNA gel blot hybridizations. Figure 2 (a) representatively shows Northern hybridizations using psaA-specific probes. Two members (B and D) of the tetrad correspond to the wild-type and accumulate the mature 2.7 kb psaA RNA (Figure 2a, lanes 2 and 4) , whereas in the two other members (A and C), only individual psaA exons can be detected (Figure 2a, lanes 3, 5, 9, 11, 15, 17) . As in the parental strain HN31, these class B mutants also display a tscA processing defect (Figure 2b, lanes 3 and 5) .
Taken together, the genetic data provide evidence that a single nuclear locus affected in HN31 mediates two different functions, trans-splicing of psaA pre-mRNA and maturation of the tscA/chlN precursor (Figure 3 ). This is somewhat unexpected since most of the other C. reinhardtii nuclear mutations identified so far seem to affect the expression of single chloroplast genes. We cannot formally exclude, however, that HN31 carries two different mutations in very closely linked genes that co-segregate during the crosses. Nevertheless, there are alternatives as to how the nucleus-encoded factor missing in HN31 could be involved in tscA processing and psaA trans-splicing. One alternative is that the HN31 product mediates 3Ј end processing not only of the tscA precursor RNA but also of the psaA exon 2 precursor. It is noteworthy that a nuclear C. reinhardtii mutant defective in 3Ј end processing of different chloroplast genes has recently been described (Levy et al., 1997) . Defective splicing of the three psaA exons in HN31 could thus be a secondary effect of the defect in 3Ј end processing of tscA and psaA exon 2 precursors, leaving 3Ј extensions that impede proper folding of both group II introns. In this case, psaA exon 2 precursors would be expected to accumulate to higher levels in HN31 as compared to the class B mutant L118 which is competent in tscA maturation. However, no differ-ence in exon 2 precursor accumulation in HN31 and L118 can be observed (Figure 1a, lanes 6 and 7) .
Another possibility is that the HN31 gene encodes a protein that recognizes common secondary structures in the tscA RNA and in the second psaA intron. Strikingly, the intronic sequences adjacent to the psaA exons 2 and 3 can form group II intron structures, some of which are similar to those proposed for the tscA RNA (GoldschmidtClermont et al., 1991) . In this scenario, interaction of the HN31 product with the tscA/chlN precursor would establish a secondary structure necessary for tscA 3Ј end processing, whereas binding to the second psaA intron would stabilize the conserved group II intron structure, and thus allow exon 2-exon 3-splicing. Similar bifunctional RNA-binding proteins have been found in yeast and Neurospora (Akins and Lambowitz, 1987; Groudinsky et al., 1993; Herbert et al., 1988) . The NAM1 nuclear gene product of S. cerevisiae, for instance, is supposed to be a stem-loop specific RNA-binding protein required for splicing as well as for processing and/or stability of different mitochondrial transcripts (Groudinsky et al., 1993) .
Alternatively, the gene defective in HN31 might encode a regulatory protein that controls the splicing and processing reactions required for psaA gene expression. For example, the HN31 product could regulate the synthesis or the activity of tscA RNA processing enzymes and psaA splicing factors. In this respect, it is interesting to note that in N. crassa both splicing and processing of the mitochondrial rRNA are under the control of the nuclear cyt 4 gene that presumably codes for a protein phosphatase (Turcq et al., 1992) .
At present, the exact nature of the HN31 and TR72 mutations remains elusive, but the isolation and characterization of the corresponding genes is likely to provide further insights into their functional roles and into the mechanisms of chloroplast gene expression in general.
Experimental procedures
Strains and genetic crossing Strains (Table 1) were grown in non-selective Tris-acetate -phosphate medium (TAP; Gorman and Levine, 1965) in dim light. Genetic crossing was performed as described previously (Harris, 1989) except that the agar was repeatedly washed with distilled water and dried before use. Each member of a tetrad was maintained on TAP-medium and tested for photoautotrophic growth on selective high-salt medium (HSM).
RNA isolation and Northern blot analysis
Total RNA was prepared by phenol extraction and selective LiCl precipitation as described previously (Kü ck et al., 1987) . For Northern blot hybridizations, RNA was size-fractionated on 1.5% (w/v) agarose/formaldehyde gels, transferred to nylon membranes and hybridized either with radioactively labeled , 1987) were labeled by 5Ј end-phosphorylation (Maxam and Gilbert, 1980) . The tscA-and chlN-specific probes (0.9 kb BglIINsiI and 1.4 kb BglII-EcoRI restriction fragments from plasmid pIG637.1, respectively; Herdenberger et al., 1994) were labeled by random priming. Hybridization was performed using standard protocols as described by Sambrook et al. (1989) . The treated membranes were exposed to Fuji X-ray film RX at -20°C with intensifying screens (Kodak X-Omatic Regular).
